ABSTRACT: Various alkyl ammonium cations were ionically exchanged with the sodium cations of montmorillonites with two different cation exchange capacities (CECs). The organo-montmorillonites were compounded with polypropylene (PP) and the effect of filler-matrix interactions on the intercalation-exfoliation behavior and the mechanical properties of the composites were investigated. With increasing the chain packing density, an increase in the d-spacing was observed and for the same cation, the d-spacing of the OMMT was higher for the higher CEC clay. Covering the surface with molecules of higher cross-sectional area led to large basal plane spacing which was helpful in achieving the partial delamination of the filler in the PP matrix even without the use of conventional compatibilizers. The modulus of PP organo-montmorillonite composites was significantly enhanced, but the other tensile properties decreased indicating the increased brittleness and lack of stronger attraction forces at interface. Augmenting the filler volume fraction also led to a significant increase in the stiffness which was compared to the theoretical predictions using the Halpin Tsai model and its modified versions.
INTRODUCTION V
filler is in the range of 100 nm, has revolutionized the research in such materials as tremendous enhancement of the properties can be achieved at very low volume fractions of the organically modified functional fillers [1] [2] [3] [4] [5] [6] .
Polypropylene (PP) is the material of choice for countless applications owing to its good properties and low cost [7] . Development of nanocomposites of PP can further enhance the thermal and mechanical behaviors along with inducing new properties, thus, expanding the span of high-end applications. However, polyolefins owing to their hydrophobic nature lack the suitable interactions with the aluminosilicate surface of the clay, which makes the synthesis of well exfoliated polyolefin nanocomposites quite difficult. Melt compounding approach has been mostly employed to synthesize PP nanocomposites apart from less developed in situ polymerization from the clay surface [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Low molecular weight PP grafted with maleic anhydride (PP-g-MA) is generally added during melt compounding of polymer and modified clay to achieve better compatibility between the polar clay interlayers and apolar PP matrix, thus, to achieve clay exfoliation [9] [10] [11] [12] [13] [14] [15] [16] [17] . Compatibilizers with different molecular weight, percent grafting of maleic anhydride and in different weight fractions have been employed to develop the nanocomposites. Properties of the composites were generally found to be independent of the molecular weight of the compatibilizer, but were strongly dependant on the weight fraction and the extent of grafting of maleic anhydride [9] [10] [11] [12] [13] [14] [15] [16] [17] . The nanocomposites had higher stiffness than the pure polymer, but no general trends were observed for the other mechanical properties. Elongation and impact strength generally decreased on increasing the weight fraction of the compatibilizer, whereas the yield strength was much more dependant on the process and subsequent morphology. Augmenting the filler volume fraction generally increased the stiffness, whereas all other tensile properties were observed to decrease. Apart from that, many composites employing only the low molecular weight maleic anhydride grafted PP as matrix were reported and exfoliation of organically modified montmorillonite (OMMT) in these matrices was achieved to a large extent [18, 19] . But, the use of low molecular weight grafted PP as matrix stray away from the goal to achieve PP nanocomposites with high molecular weight and hence high mechanical property PP matrix in order to achieve optimum increase in mechanical properties. Apart from that, a large amount of low molecular weight compatibilizer is needed to have delamination of the clay platelets in the PP matrix.
It has been reported that a partial delamination can still be achieved without compatibilizer, if the filler matrix interactions are efficiently enhanced by optimizing the modification of the surface supplemented by shear forces during compounding [20, 21] . The surface coverage, chemical structure of the coating and basal plane spacing have been observed to determine the surface energy of the organically modified montmorillonite and its tendency to exfoliate [22] . The interactions between the organically modified montmorillonite and the polymer along with the shearing force help in decreasing the thickness of clay tactoids thus, increasing the aspect ratio. This decrease in the clay tactoid thickness or increase in the aspect ratio represents the extent of exfoliation. By decreasing the tactoid thickness, more and more increase in aspect ratio can be generated and therefore more load can be transferred to the clay layers thus improving the mechanical performance. Another important concern is the presence of the excess of surface modification molecules on the clay surface which can badly affect the properties of the composites because of their low temperature degradation [23] [24] [25] . The commercially available OMMT, extensively used in many reported studies, has been observed to contain excess of such modifier molecules. The degradation of ammonium head group, which is quite susceptible at high compounding temperature of PP generally employed, may also seriously affect the thermodynamics of polymer melt intercalation due to chemical changes in surfactant structure, thus altering the level of platelet exfoliation, interfacial bonding and subsequently influencing the physical and mechanical properties [26] . Unwanted side reactions with the polymer matrix may also be induced alongwith. Decrease in d-spacing has also been reported after compounding owing to the similar reasons [27] .
A number of micro-mechanical models have been developed over the years to predict the mechanical behavior of particulate composites [28] [29] [30] [31] . Halpin-Tsai model has received special attention owing to better prediction of the properties for a variety of reinforcement geometries. The relative tensile modulus is expressed as
where E and E m correspond to the elastic moduli of composite and matrix, respectively, represents the shape factor which is dependant on filler geometry and loading direction and ' f is the inorganic volume fraction. is given by the expression
where E f is the modulus of the filler. The values need to be correctly defined in order to have better prediction of the properties. For the oriented discontinuous ribbon or lamellae, it is estimated to be twice the aspect ratio. It has been reported to over-predict the stiffness in this case; therefore, its value was reported be 2/3 times the aspect ratio [32] . But still a number of assumptions prevent the theory to correctly predict the stiffness of the layered silicate nanocomposites. Assumptions like firm bonding of filler and matrix, perfect alignment of the platelets in the matrix, uniform shape and size of the filler particles in the matrix make it very difficult to correctly predict the nanocomposites properties. The incomplete exfoliation of the nanocomposites, thus, the presence of a distribution of tactoid thicknesses is another concern. The model has recently been modified in order to accommodate the effect of incomplete exfoliation and misorientation of the filler, but the effect of imperfect adhesion at the surface still needs to be incorporated [33, 34] . The present study attempts to investigate the influence of different surface modifications and hence their interactions at the interface on the mechanical properties of PP-layered silicate nanocomposites. The composites were prepared without the use of compatibilizer and higher temperatures of compounding the polymer were avoided in order to reduce the thermal damage to the organic modification. A correlation of mechanical performance of these composites was also established with the inorganic filler volume fraction.
EXPERIMENTAL Materials
Polypropylene used was the homopolymer grade H733-07 from Dow (Dow Plastics, Horgen, Switzerland). It has a melt flow index of 7.5 g 10 min À1 (2308C at 2.16 kg load) and a density of 0.91 g cm À3 . Sodium montmorillonites of two different CEC's were used; Nanofil 757 was supplied by Su¨d Chemie (Moosburg, Germany) whereas Cloisite Na was purchased from Southern Clay Inc. (Gonzales, Texas, USA).
Octadecyltrimethylammonium chloride, didodecyldimethylammonium bromide and methyltrioctadecylammonium bromide were procured from Fluka (Buchs, Switzerland). Dimethyldioctadecylammonium bromide and benzyldimethylhexadecylammonium chloride were supplied by Acros Organics (New Jersey, USA).
Filler Surface Modification and Composite Preparation
The cation exchange capacity (CEC) of the sodium montmorillonites was determined by exchanging their sodium ions with Cu(trien) 2þ [35] . The aluminosilicate surface was rendered organophilic by exchanging the inorganic cations with organic ammonium ions as described earlier [21] . Both the degree of exchange and the purity of the surface were monitored by hi-res thermogravimetric analyzer [21] . If the TGA thermogram indicated the presence of unreacted surfactant molecules on the surface owing to their degradation at lower temperatures than the reacted ammonium ions, the washing step was repeated by resuspending the modified clay in solvent, sonication for 10 min and stirring overnight followed by filtration, washing and drying at 708C under reduced pressure. The washing regimes were performed till the purity of the organic monolayer was satisfactory. Twin blade compounder (Plasticorder W 50 EH, Brabender, Duisburg, Germany) was used to prepare OMMT-PP composites. The polymer granules were molten at 1908C at 40 rpm, filler was then gradually added in 10 mins at 50 rpm and the mixture was kneaded for further 10 mins at 60 rpm. The compound was further compression molded into 1.5 mm thick plaques in a brass frame between two thin aluminum plates. All the details regarding the amount of the OMMT & polymer and the processing parameters and procedure can be found elsewhere [21] .
Characterization Techniques
Tensile tests on the dumbbell shaped samples (type 5B) stamped out of the compression molded plates were carried out at room temperature following the standard ISO 527-2. Zwick Z020 universal testing machine with testXpert 9.01 software (Zwick, Ulm, Germany) coupled with a Video-Extensometer V4.19.02 (Messphysik, Furstenfeld, Austria) for accurate measurement was used. The drawing speed of 0.1 mm min À1 was used for the measurement of elastic modulus and modulus was determined in the range of 0.05-0.25% strain. A speed of 6 mm min À1 was used for the measurement of other tensile properties and an average of five measurements was taken.
Scintag XDS 2000 diffractometer (Scintag Inc., Cupertino, CA) was used to collect wide-angle X-ray diffraction patterns using Cu Ka radiation ( ¼ 0.15406 nm) in reflection mode as previously described [21] .
Fracture surface morphology was obtained by immersing thick nanocomposites plaques in liquid nitrogen and instantly fracturing them. The surfaces of the compound were then sputter coated with 5 nm platinum and the morphology was observed in Hitachi S-900 field emission scanning electron microscope at an accelerating voltage of 15 kV. Bright-field TEM of the nanocomposites was performed with Zeiss EM 912 Omega microscope. Thin nanocomposite films were etched with oxygen plasma for 5 min and embedded in an epoxy matrix followed by sectioning of 70-90 nm thick sections subsequent supporting on 100 mesh grids sputter coated with a 3 nm thick carbon layer.
High-resolution (Hi-Res) thermogravimetric analysis (TGA), in which the heating rate is coupled to mass loss, that is, the sample temperature is not raised until the mass loss at a particular temperature is completed, was performed on a Q500 thermogravimetric analyzer (TA Instruments, New Castle, DE). All measurements for fillers and composites were carried out in air in the temperature range 50-9008C at a heating rate of 208C min À1 .
RESULTS AND DISCUSSION
In order to study the influence of organic monolayer on filler exfoliation and properties of the composites, inorganic cations on montmorillonite surface were exchanged with different alkyl ammonium ions and then compounded with PP. Montmorillonites with cation exchange capacities of 680 meq g À1 (nanofil 757) and 880 meq g À1 (cloisite Na), respectively were used in the study. The important attributes studied in the ammonium ions included the alkyl chain length, chain density, and the chemical architecture. Ammonium ions with alkyl chains were chosen as these can be expected to mix well with PP owing to their similar chemical nature as PP. Effect of chain packing density on the morphology and subsequent properties of the composites was studied by employing alkyl ammonium cations with 1-3 octadecyl chains attached to nitrogen atom. By increasing the chain density in the ammonium ions attached on the surface, the attached chains are observed to form upright position on the surface or the tilt angle of the molecular axis with the surface normal is decreased which subsequently leads to an increase in basal plane spacing [20, 36] . As the distance between the clay platelets strongly affects the attractive forces between them, the increase in chain density can, thus, be more efficient in exfoliation of the clay platelets in the polymer matrix [36] . As dioctadecyldimethylammonium ions on the surface are known to have an ordered structure at room temperature and phase transition on heating ($508C), there is a possibility of their phase separation from the polymer chains in the composite in the solid state [22] . Bimodal brushes of dioctadecyldimethylammonium and didodecyldimethylammonium were, therefore, prepared on the clay surface to avoid such phase separation [37] . Owing to the presence of a benzyl moiety in the molecule, benzylhexadecyldimethylammonium was expected to bring about stronger van der Waals forces, while the long alkyl chain increases the d-spacing. The inorganic content of the OMMT was always kept constant to 3 vol.% in the composites in order to have comparison of the properties among each other. The prepared OMMT were ensured to be free of any excess molecules of the surface treatment by using high resolution TGA and extensive washing protocols [21] . As the organic modifications used in the study have onset of degradation in the range of 200-2158C and the peak degradation temperatures in the range of 260-3008C, therefore, the compounding temperatures during composite formation were also kept low in order not to degrade the modification and as well as the polymer, but high enough to ensure homogenous mixing. Table 1 enlists the surface modifications used and the abbreviations of these modifications for both montmorillonite substrates along with their molecular weights.
The WAXRD results of OMMT and their respective composites are shown in Table 2 . In OMMT, depending on the molecular weight of the modifier molecule (Table 1 ) and the CEC, more organic matter can be ionically attached on the surface which can correspondingly bring about an increase in the basal plane spacing from a value of roughly 1 nm for the unmodified M680 and M880 substrates as shown in Figure 1 . The decrease in the area available per cation on the montmorillonite surface owing to the increase in CEC caused slightly higher d-spacing values of the OMMT for M880 as compared to M680 for the same ammonium cation. The increase in the cross-sectional area of the cation attached to the surface owing to the increase in the number of C18 chains attached to the ammonium atom also led to an increase of the d-spacing for both substrates [21] . WAXRD patterns of 1-3C18 M680 OMMT and their corresponding nanocomposites are shown in Figure 2 . The composites showed insignificant increase in d-spacing indicating no or a little intercalation. However, a decrease in tactoid thickness because of the combined action of surface interactions and shear forces can still be expected. Peak width and intensity observed in WAXRD are not very accurate measures to deduce the tactoid thickness because of their sensitivity to sample preparation, orientation and processing conditions. Thus, the physical state of clay present in the composites cannot be accurately quantified using these parameters. The TEM micrographs of 3 vol.% 2C18 composites as shown in Figure 3 indicate a mixed morphology i.e., presence of pristine OMMT particles, tactoids of varying thicknesses as well as the single clay platelets. No particular orientation of the platelets was observed at any magnification and extensive folding and bending of these platelets was also present. Generally, smaller platelets were observed to exfoliate owing to the smaller attraction forces among them. Thus, a partial delamination could still be achieved, even without additional compatibilizer, if the filler surface is properly modified and the processing conditions are carefully optimized [21] . 584 Tables 3 and 4 elaborate the tensile properties of 3 vol.% OMMT-PP nanocomposites. As can be observed, all the composites showed an enhancement of the stiffness of polymer as compared to the pure PP. The enhancement of modulus varied with the organic monolayer structure and hence the interfacial interactions with the polymer. Increasing the alkyl chain density led to a corresponding increase in the modulus of the composites. It indicates that the enhancement in filler basal plane spacing associated with the increase in alkyl chain density is helpful in achieving more delamination of filler which in turns improves the stiffness. The relative modulus of the composites is shown in Figure 4 (a) as a function of basal plane spacing in the composites. The modulus was observed to steadily enhance with d-spacing for both the substrates. The enhancement in properties is dependant on the exfoliation of the platelets and hence their aspect ratio i.e., due to the reduction of the number of stacked platelets in the tactoids thus increasing the area of interaction between the two phases. As the increase in d-spacing does not increase the aspect ratio, therefore, no strict correlation between the d-spacing and the modulus can be expected. But the observed dependence can be explained to be due to the reduction in attraction forces among the platelets and thus ease of delamination by shearing on increasing the basal plane spacing. A clearer picture of this effect can be assessed from Figure 4 (b) where the relative modulus of composites with 1-3 octadecyl chains has been correlated with the d-spacing. Benzyl moiety present in the organic monolayer along with a long alkyl chain was also observed to be beneficial in terms of stiffness enhancement owing to possibly interfacial van der Waals interactions with the matrix. Presence of a benzyl group in the monolayer did not influence the properties of polyethylene nanocomposites owing to possible incompatibility at interface [22] , however, with PP as a matrix, the presence of benzyl groups attached to the clay surface was reported to be miscible and no compatibilizer was required for intercalation [13] . The generation of a bimodal brush on the clay surface led to an increase of stiffness even higher than 2C18 in both of the substrates indicating that the suspected phase separation at the interface owing to the monomodal 2C18 brush was suppressed [22] . It should also be pointed out that even in the case of nanocomposites containing the OMMT with around 3.5 nm d-spacing, incomplete delamination was achieved. It has been reported that the potential property improvements usually depend on the degree of filler delamination and dispersion, which depends on a combination of the proper filler surface treatment and optimized composite processing [38] . Thus, it indicates that may be shearing forces associated with the twin blade compounder were not high enough to overcome the residual forces in the platelets. Apart from that, the delaminated layers looked to be smaller in size indicating that the smaller platelets owing to lesser attraction forces between them were able to be delaminated by the compounder shear forces, whereas the bigger particles remained nondelaminated. Figure 5 shows the behavior of other tensile properties of the nanocomposites as a function of basal plane spacing. Yield stress and yield strain were roughly observed to decrease with increasing d-spacing (or increasing delamination) indicating the composites became more brittle. It also indicates that the filler surface and the matrix lack stronger attraction forces at the interface which further signifies that the delaminated layers were kinetically trapped in the polymer melt and the polymer present in between the layers was strained. Possible strain hardening of the intercalated polymer and presence of tactoids also led to a decrease in the stress at break with d-spacing [20] . Increases in yield stress and strain have been observed in the composites only with addition of compatibilizer because of matrix plasticization effects due to the low molecular weight of the compatibilizer. However, the modulus of the composites also suffered owing to this plasticization and a competition between the negative effect of plasticization and positive effect of exfoliation was hypothesized [22] .
It is well known that the commonly used reinforcing fillers for PP can also act as strong nucleating agents depending on the processing conditions used, degree of filler dispersion in the composite and filler surface coverage, thus, affecting the degree of crystallinity, rate of crystallization, crystal size and lamellae orientation and hence the composite properties [39] [40] [41] [42] . Calorimetric studies reported on the composites investigated in the present study showed that under the processing conditions used in the study, the OMMT particles did not significantly affect the crystallinity of the polymer in the composites [21] . Thus, it can be concluded that the tensile properties are solely affected by the presence of the filler and its geometrical characteristics instead of the crystallinity of the polymer.
Tensile properties of 2C18 M880 OMMT-PP nanocomposites containing different filler inorganic volume fraction are described in Table 5 . Relative tensile modulus of these composites as a function of the inorganic filler volume fraction is plotted in Figure 6 (a). As can be seen, the modulus of the composites linearly increased with volume fraction with an increase of 45% at 4 vol.% as compared to the pure PP. The data were fitted to the conventional Halpin-Tsai equation with ¼ 1, which gives a value of 10.1 for , indicating that possibly in these nanocomposites it cannot be simply taken as twice the aspect ratio as generally used [43] . In order to account for the incomplete filler exfoliation and presence of tactoid stacks in the composites, thickness of the particle was explained by the following equation:
where d 001 is the basal plane spacing of 001 plane, n is the number of the platelets in the stack, and t platelet is the thickness of one platelet in the pristine montmorillonite. Thus in this approach, filler particles were replaced by the stacks of filler platelets [33] . Applying this treatment to Halpin-Tsai equation, different curves have been generated based on number of platelets present in the stack as shown in Figure 6 (b). As is evident from the figure that the experimental value of relative tensile modulus for 1 vol.% OMMT composites lied near to theoretical curve with 50 platelets in the stack, but the composites with higher volume fractions of the filler could not follow the predicted rise in the modulus. The observed behavior underlines another important limitation of the theoretical models for their inability to take into account the possible decrease in d-spacing with increasing the volume fraction. Apart from that, effect of misoriented platelets on the modulus also needs to be incorporated in the model. As can be seen in the SEM micrographs in Figure 7 for the 3 vol.% 2C18 M880 OMMT-PP nanocomposites that the filler platelets can be safely treated as random and misaligned in the matrix. Figure 8(a) shows the resulting comparison when the effects of incomplete exfoliation combined with the platelets misalignment considerations were incorporated in the Halpin-Tsai model for random 3-D platelets [32] . As can be seen that the number of platelets in the stack for 1 vol.% composites now lie in between 30 and 50 ($40). Brune & Bicerano have also refined the predictions for the behavior of nanocomposites based on the combination of incomplete exfoliation and misorientation [34] . Comparing the suggested treatment with the experimental data ( Figure 8(b) ) showed that number of platelets in the Polypropylene-Layered Silicate Nanocomposites stacks in 1 vol.% composite were observed to be in between 20 and 25 which gives an aspect ratio of around 15 for these composites. However, one major limitation of the mechanical models is the assumption of perfect adhesion at the interface, whereas the polyolefin composites studied, really lack this adhesion as only weak van der Waals forces can exist in the studied polymer organic monolayer systems. The above predicted theoretical results were therefore only able to match the experimental results of polar polymers due the same reason [44, 45] . Nicolais and Nicodemo [46] suggested a simple model to predict the tensile strength of the filled polymers described by the equation:
where P 1 is stress concentration related constant with a value of 1.21 for the spherical particles having no adhesion with the matrix and P 2 is geometry related constant with a value of 0.67 when the sample fails by random failure. The yield strength, yield strain and stress at break for the 2C18 M880 OMMT-PP composites as a function of inorganic filler volume fraction have been plotted in Figure 9 . The yield strength decayed with augmenting the filler volume fraction indicating the lack of adhesion at the interface and brittleness as shown in Figure 9 (a). As said earlier, with the addition of low molecular weight compatibilizers, an increase in the yield strengths were reported probably due to better adhesion, higher extents of delamination and plasticization effects. The platelets in the present case which may have been only kinetically trapped also lead to straining of the confined polymer chains. Fitting the values of yield strength in the Nicolais and Nicodemo model yielded P 1 as 2.30 and P 2 as 0.63, thus deviating from the values marked for the spherical particles [43] . The stress at break also decreased nonlinearly with filler volume fraction owing to the similar reasons and presence of tactoids. The fitting of the stress at break values ( Figure 9 (b)) in the model yielded P 1 and P 2 as 6.13 and 1.03, respectively which shows higher deviation from the spherical particle predictions. Nielsen [47] suggested that the strain can be predicted by the simple equation as
where, " c and " m are the yield strains of the composite and matrix, respectively and ' f is the filler volume fraction. It was assumed that the polymer breaks at the same elongation in the filled composite as the bulk unfilled polymer does. The much lower experimental values ( Figure 9 (c)) agree with the lack of adhesion as suggested above and the strain hardening of the confined polymer. It also indicates that the brittleness increased on increasing the filler volume fraction. The thermal degradation of the organic monolayer at the compounding temperature can cause reduction in the molecular weight of the matrix. In order to avoid or minimize the degradation of surface modification and the polymer, the compounding temperatures were kept low. Thermal behavior of the final composites was also characterized by thermogravimetric analysis in order to study the effects of OMMT on the matrix. As shown in Figure 10 (a), addition of 3 vol.% OMMT in PP, significantly improves the thermal behavior of the composites as the onset degradation temperature is increased by almost 508C. It also indicates the existing synergism between the OMMT and PP which is responsible for this effect. In case of extensive degradation of the organic monolayer and subsequent degrading reactions in the matrix, an improvement in the thermal behavior cannot be expected. The thermal behavior of the 2C18 M880 OMMT-PP composites as a function of increasing filler volume fraction was also studied. As is clear in Figure 10 (b), the addition of even 1 vol.% OMMT improved the thermal behavior of the composite to a large extent, but at least 2 vol.% filler fraction was required to attain the maximum improvement which remained unchanged with further additions of the filler.
CONCLUSIONS
Optimum filler surface modification accompanied by the shearing forces are necessary in enhancing the delamination of the filler. Increasing the cross-sectional area of the modifier molecules by increasing the number of alkyl chains in the modification leads to higher basal plane spacing which is helpful in enhancing the exfoliation. The similar nature of the alkyl chains as the matrix polymer does not guarantee the complete mixing although a partial exfoliation can still be achieved without the use of 'compatibilizer'. The shearing forces could delaminate the smaller particles of higher basal spacing OMMTs owing to smaller attraction forces among them but the absence of strong adhesion at the interface is suspected. The modulus of the composites was significantly improved and an increase in brittleness was observed with increasing the filler volume fraction. The stiffness of the composites as a function of the volume fraction was compared with the experimental predictions by taking into account the incomplete exfoliation and misorientation of the filler in the conventional Halpin-Tsai equation. The conventional mechanical models need to be modified in order to correctly predict the nanocomposites properties. The thermal behavior of the nanocomposites was better than the constituents owing to the presence of synergism between them indicating that their thermal degradation during the compounding could be avoided.
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